INTRODUCTION {#SEC1}
============

The study of how the genomic structure of the important opportunistic pathogen *Pseudomonas aeruginosa* contributes to its phenotypic versatility is an intense focus of interest ([@B1]). The *P. aeruginosa* research community was among the first to address the issue of genome-wide data storage in a format suitable for facilitating downstream comparative analyses and distribution of genome-wide information to the wider research community ([@B5]). In 2000 the first *P. aeruginosa* genome was sequenced ([@B6]) and since 2005, the Pseudomonas Genome Database team and participating community members have maintained a website that provides an updated *P. aeruginosa* PAO1 gene annotation, and facilitates whole genome comparative analyses between the type strain PAO1 and other *Pseudomonas* strains ([@B7]).

Here, we created a centralized DNA-sequence and RNA-expression database, which stores, displays and links genomic, transcriptomic as well as phenotypic information of a plethora of clinical *P. aeruginosa* isolates. We illustrate the usefulness of a relational database structure that enables data filtering for the identification of associations between sequence- and gene expression-variations and a particular phenotype and demonstrate that linking phenotypic information with genomic and transcriptomic data constitutes a good source for discovery studies in the era of big data. The BACTOME database can furthermore serve as a multipurpose tool to facilitate the work of researchers who use sequence-based technologies to study the evolution, phylogeny, diversity and adaptation strategies of *P. aeruginosa* isolates.

DATABASE CONTENT {#SEC2}
================

Genomic data to explore sequence variability across heterogeneous lineages {#SEC2-1}
--------------------------------------------------------------------------

Sequencing of a plethora of genomes of one bacterial species gives detailed information on the overall genomic composition and the intra-species sequence diversity ([@B8]). The *P. aeruginosa* BACTOME database as of March 2018 was created based on 99 diverse clinical *P. aeruginosa* isolates of which all were fully genome sequenced. For 96 of them also the transcriptomes were recorded. BACTOME harbors integrated pipelines and up-dates the retrievable information so that genomic and transcriptomic sequences of additional *P. aeruginosa* isolates can be added.

### SNP extraction---analyzing sequence diversity {#SEC2-1-1}

In order to learn more about evolutionary processes, the identification of the genetic loci that underlie the selection of favorable phenotypes is critical ([@B11],[@B12]). Diversity in sequences may reflect phylogenetic relatedness of the clinical isolates, but also genes under positive or negative selection are hot spots of sequence variations ([@B13],[@B14]). One focus of the database is therefore to provide lists of single nucleotide polymorphisms (SNPs) as compared to the UCBPP-PA14 reference genome ([@B15]) for any gene or isolate of interest. The retrieval can be restricted to defined groups of SNPs within selected genes, e.g. those leading to amino acid exchanges or affecting predicted regulator binding sites. For the latter, information is integrated from Prodoric ([@B16]), ChIP-seq data ([@B17]) or on native RNA folding predictions (RNAscan, ViennaRNA Package) ([@B18]). There is a customizable display for parameter settings such as SNP quality score (SAMtools ([@B19]) derived), minimal read coverage and length of included up- and downstream flanking regions of the defined genes.

### Pangenome---the P. aeruginosa core and accessory genome {#SEC2-1-2}

The repertoire of genes in a particular species in a dataset of *n* genomes is referred to as the pangenome, where *n* is the number of included genomes ([@B20]). To date, the database comprises 18 319 (pangenome) genes from 101 genomes (99 clinical isolates, and reference strains PAO1 and UCBPP PA14). We used a reciprocal Blast search algorithm and found 3814 genes which were present in all *P. aeruginosa* isolates (core genome) with \>90% homology. All other genes (8966) were assigned as accessory (accessory genome), 5539 of them are only present in single isolates (singletons). Information on whether a gene of interest belongs to the core or accessory genome can be assessed through the database, including information on the degree of nucleotide identity across the clinical *P. aeruginosa* isolates as compared to the UCBPP-PA14 gene as a reference.

### Consensus sequence---a sequence alignment as a reference {#SEC2-1-3}

In addition to the overall genomic composition of the *P. aeruginosa* isolates, BACTOME provides information on the degree of sequence variation within the *P. aeruginosa* core genes on the single nucleotide level. This facilitates the identification of e.g. sequence motifs as predictive features of protein function. The functions of these sequences should be largely conserved across many clinical isolates but they might also be targets of evolutionary processes ([@B21]).

A novel algorithm was developed to create a position-wise sequence alignment. The most frequently occurring nucleotide in each position was taken as the consensus. A color-coded diversity display enables a quick estimation for sequence conversation at each nucleotide position (Figure [1](#F1){ref-type="fig"}). Besides the differentiation between e.g. phylogeny-derived and potential patho-adaptive variations, the created consensus sequence can be used as template to facilitate the design of polymerase chain reaction primers or probes for diagnostic or surveillance purposes. Of note, currently only core genes which are identical in length in all of the genomes are included in the database.

![Consensus sequence and nucleotide diversity among clinical isolates.](gky895fig1){#F1}

Transcriptome data to explore gene expression variability across heterogeneous linages {#SEC2-5}
--------------------------------------------------------------------------------------

Bacterial genomes are shaped by evolutionary processes and encode optimized gene expression-based systems that guarantee phenotypic plasticity. Thus, more insights into the variation of transcription patterns across heterogeneous lineages should aid the identification of causative patho-adaptive mutations that shape the transcriptional profile. In addition to sequence information, BACTOME comprises gene expression data of 96 clinical *P. aeruginosa* isolates to gain profound insights into the variation of transcription patterns and genomic loci that contribute to variation in mRNA expression levels. All transcriptomes were recorded under the same culture conditions (growth in LB medium to an OD~600~ of 2). The TRANSCRIPTOME section in BACTOME includes an interactive genome browser to visualize and navigate the gene expression variations across the *P. aeruginosa* UCBPP-PA14 reference genome for all isolates (menu item 'Relative Expression Distribution', Figure [2](#F2){ref-type="fig"}). A compilation of all RNA sequencing reads for all PA14-like as well as all PAO1-like isolates is included. The depiction of the transcriptional profile of an individual isolate in the context of the transcriptional profiles of other clinical isolates allows for a more informative interpretation of differentially regulated genes. For instance, a differential expression of a gene that is otherwise very stably expressed across the clinical isolates will take on new significance. The web-based navigable depiction of the *P. aeruginosa* transcriptional landscape additionally displays corresponding protein sequences and operon structures as well as predicted transcription factor binding sites.

![Interactive genome browser to visualize and navigate the gene expression variations across clinical isolates.](gky895fig2){#F2}

Besides the graphical genome-wide transcription pattern display, BACTOME also allows the extraction of individual fold change information throughout the genome for any gene of interest (menu item 'Gene Expression Extraction').

Phenotypic data to explore variability across heterogeneous linages {#SEC2-6}
-------------------------------------------------------------------

A major challenge is to understand the causal relationship between genotypes and phenotypes ([@B15]). Data-driven genomics projects move from analyzing the genomic sequence to predicting gene functions and bacterial behavior. However, phenotype--genotype correlation studies stringently require that phenotypes are consistently annotated for sequenced strains ([@B22]).

We determined and systematically categorized the expression of clinically relevant phenotypes of the *P. aeruginosa* isolates and stored the respective data in the database. These included phenotypes such as virulence as determined by the use of a *Galleria mellonella* model, biofilm formation capabilities, colony morphologies and antibiotic resistance to five antipseudomonal antibiotics (ciprofloxacin (CIP), meropenem, ceftazidime (CAZ), tobramycin and colistin). The PHENOTYPE section of BACTOME not only depict the distribution of all different phenotypic traits across all isolates, but also allows to view single isolate information either by isolate ID or selection within an interactive phylogenetic tree.

Linking sequence and expression information to phenotypes {#SEC2-7}
---------------------------------------------------------

With high-dimensional genotype and phenotype data, there is a need for infrastructure capable of handling both types of data and at the same time associating them in a meaningful fashion. Besides individual information, BACTOME provides a filter for groups of isolates with specific phenotypes or phenotype combinations. This enables the categorization of the isolates according to their phenotype and to define groups of isolates exhibiting a positive or negative phenotype (e.g. CIP-resistant and -sensitive isolates, respectively).

### Phenotypes to genotypes {#SEC2-7-1}

Groups of isolates that exhibit a well-defined phenotype can be further analyzed by *mutation enrichment comparison studies* to retrieve lists of mutations that are significantly enriched in one of the two groups from the database. The comparison tool uses Fisher's exact test to search for significant accumulations of mutations in groups of isolates. Comparison options include a nucleotide-specific as well as a gene-wise search to include the detection of whole gene mutational hot spots. Additionally, a third comparison mode allows for the detection of intragenic stop sites. The user may custom adjust the SNP quality threshold and minimum read coverage at the included positions, and select if insertions or deletions shall be included. Furthermore, SNPs which occur at the same nucleotide position but lead to different effects in different clinical isolates (e.g. represent synonymous mutations in some isolates and non-synonymous mutations in others) may be combined in the analysis to identify general, position-specific mutational hot spots. For an estimation of relevant *P*-value cut-offs of the obtained results, the analysis may be repeated with randomly permutated datasets for comparison.

As an example, when the group comparison is done with all CIP susceptible (*n* = 40) versus all non-susceptible (*n* = 56) isolates, which are currently in the BACTOME database, the top two hits of mutations enriched in the non-susceptible group are SNPs in the *gyrA* and *parC* genes. Both mutations are causing well-known amino acid exchanges (T83I in the DNA gyrase *gyrA* and the S87L in the topoisomerase IV *parC*) which result in antibiotic target mutations leading to CIP resistance ([@B23]).

### Phenotypes to expression profiles {#SEC2-7-2}

As mentioned above, BACTOME allows for the categorization of *P. aeruginosa* isolates according to their phenotype, e.g. antibiotic resistance. Lists of isolates that exhibit a well-defined resistance phenotype can be retrieved and further used for the identification of gene expression variations among the two phenotypically different isolate groups using a *group comparison* tool which is based on *t*-tests. When the group comparison is done exemplarily with all CAZ susceptible (*n* = 41) versus all non-susceptible (*n* = 55) isolates, upregulation of the beta-lactamase *ampC* appears as the top hit of gene expression variation distinguishing both groups. The CAZ-degrading function of AmpC is well known ([@B24]).

CONCLUSION {#SEC3}
==========

We presented a novel database system to store and query genomic and transcriptomic data of the human opportunistic pathogen *P. aeruginosa*. The genomic sequence data of a plethora of clinical isolates are organized into a phylogenetic tree that can be navigated to facilitate analysis on sequence diversity, evolution and the design of primers/probes. BACTOME also includes associated metadata (e.g. information on the bacterial resistance phenotype) in a searchable framework. With this, BACTOME provides the infrastructure needed to mine big data sets generated by next-generation sequencing efforts and serves the evaluation of the correlation of DNA- as well as RNA-sequence variations with bacterial phenotypes as a systematic strategy for large-scale analysis of genotype--phenotype correlations.
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